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reaction.  Procedures  developed  to  overcome  these  problems  are  discussed. 

The  following  recommendations  are  made:  (1)  Alumina  must  be  dried  prior  to 
weighing  to  avoid  inaccurate  formulation  due  to  moisture.  (2)  Multiple  dry 
and  wet  mixing  steps  are  needed  to  thoroughly  homogenize  the  starting 
materials.  (3)  Calcination  temperatures  of  1300  i)60*C  are  required  to  form 
thoroughly  reacted  barium  calcium  alumlnates.  (4)  Thermogravimetry  is 
useful  for  testing  impregnants  and  starting  materials  for  moisture 
contamination. 
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I.  INTRODUCTION 


Better  process  control  is  required  in  the  manufacture  of  traveling  wave 
tube  (TWT)  dispenser  cathodes  so  that  more  reliable  and  reproducible  cathodes 
for  space  applications  can  be  obtained.  Current  procedures  for  making  dis¬ 
penser  cathodes  have  been  developed  empirically  over  the  years  and  do  not 
always  contain  sufficient  controls  over  materials  and  methods  to  yield 
devices  with  the  high  level  of  reliability  required  for  space  applications. 

This  report  describes  a  series  of  experiments  to  identify  procedures 
critical  to  the  production  of  reproducible  cathodes.  Based  on  these 
experiments,  specific  recommendations  were  developed  to  increase  cathode 
reproducibility  and  production  efficiency.  Although  it  is  also  Important,  the 
effect  of  trace  contamination  on  the  performance  of  these  impregnants  in 
cathodes  is  not  addressed  here. 
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II.  IMPREGNANT  SYNTHESIS 


The  starting  point  of  the  synthesis  of  barium  calcium  aluminates  in  this 
study  is  the  Philips  Emet  procedure  outlined  in  Fig.  1:* 

1.  Pure  starting  materials,  barium  carbonate  (BaCOg),  calcium  carbonate 
(CaCOj) ,  and  aluminum  oxide  (AlgOg;  alumina),  are  carefully  weighed 
in  the  amounts  required  in  the  final  formulation. 

2.  The  starting  materials  are  homogenized  by  ball  milling  of  the  dry 
ingredients,  and  a  slurry  is  formed  manually  with  distilled  water. 

3.  The  slurry  is  dried  at  low  temperature  and  then  is  calcined  at  high 
temperature  to  form  the  barium  calcium  aluminate. 

Each  of  these  procedures  is  examined  in  more  detail  in  the  following 
sections. 


Fig.  1.  .  Block  diagram  of  the  Philips  Emet  procedure  for  synthesizing  barium 
calcium  aluminate  dispenser  cathode  impregnants. 


III.  WEIGHING 


The  initial  weights  of  barium  carbonate,  calcium  carbonate,  and  aluminum 
oxide  determine  the  concentrations  of  barium,  calcium,  and  aluminum  in  the 
final  impregnant.  Much  of  the  error  in  weighing  can  be  eliminated  using  a 
well-maintained  balance  and  a  good  weighing  technique;  however,  the  Philips 
Emet  procedure  does  not  account  for  the  error  introduced  by  the  adsorption  of 
moisture  from  the  atmosphere.  Moisture  in  the  starting  materials  can  cause 
uncontrolled  variations  in  formulation  and  result  in  irreproducible  cathode 
performance.  In  this  section,  weight  gain  as  a  function  of  relative  humidity 
at  room  temperature  is  reported  and  a  technique  for  screening  impregnant 
starting  materials  for  contamination  by  moisture  is  described . 

The  starting  materials  recommended  by  Philips  were  ACS  reagent  grade 
barium  carbonate  and  calcium  carbonate  supplied  by  Mallinckrodt ,  and  Linde 
type-B  0.05  pm  y-alumina  powder.  An  experiment  was  performed  to  examine 
moisture  uptake  of  these  materials.  A  total  of  40  to  50  g  of  each  starting 
material  was  dried  overnight  at  170°C  and  then  weighed  to  ±10  mg  or  ±0.22  of 
the  component  weight  in  a  dry  argon  atmosphere.  Either  polyethylene  or  glass 
storage  containers  and  weighing  dishes  were  used,  and  the  material  was  handled 
with  a  nickel-stainless  steel  spatula.  The  materials  were  exposed  to  con¬ 
trolled  relative  humidities  at  room  temperature  and  then  reweighed.  The 
effect  of  humidity  on  weight  gain  is  plotted  in  Fig.  2  and  listed  in  Table  1 
after  5  and  22  to  24  hr. 

The  weight  gain  for  barium  carbonate  is  approximately  linear  with 
relative  humidity,  reaching  a  maximum  of  0.24  weight  percent  at  23°C  during 
exposure  to  1002  relative  humidity.  Calcium  carbonate  adsorbed  0.03  weight 
percent  of  water.  Both  compounds  show  little  additional  weight  gain  between 
5  and  24  hr  of  exposure  to  1002  relative  humidity. 

Alumina  exhibited  a  weight  gain  up  to  about  6  weight  percent  at  1002 
relative  humidity  after  24  hr;  the  weight  gain  is  fairly  linear  with  relative 
humidity.  In  addition,  dry  alumina  required  at  least  24  hr  for  its  weight 


WEIGHT  PERCENT  GAIN  x  S 


Table  1.  Weight  Gain  of  Starting  Materials  Due 
to  Humidity  at  23°C 


Compound 


Relative  Humidity 

(%) 


Exposure  Time 
(hr) 


Weight  Gain 
(wt2) 


0.07 

± 

0.00 

0.08 

± 

0.00 

0.11 

± 

0.01 

0.12 

± 

0.01 

0.16 

± 

0.00 

0.16 

±- 

0.01 

0.18 

± 

0.06 

0.24 

± 

0.02 

0.006  ±  0.005 

0.02 

i 

0.01 

0.01 

± 

0.00 

0.01 

± 

0.00 

0.015  : 

t  0.000 

0.015  ±  0.001 

0.02 

± 

0.02 

0.03 

± 

0.02 

1.25 

± 

0.07 

2.05 

± 

0.07 

2.95 

± 

0.07 

3.15 

± 

0.07 

3.70 

± 

0.14 

4.15 

± 

0.07 

4 .  b5 

± 

0.07 

6.35 

± 

0.07 

co  stabilize  in  humid  air.  Therefore,  humidity  causes  weight  gain  in  alumina 
that  can  lead  to  an  aluminum  deficiency  in  the  impregnant.  In  contrast, 
barium  carbonate  and  calcium  carbonate  are  much  less  hydroscopic.  This 
difference  in  moisture  adsorption  is  expected  because  the  alumina  has  small 
grain  size  and  very  high  surface  area  relative  to  the  carbonates. 

Generally,  a  compound  must  be  dried  prior  to  weighing  when  the  accuracy 
required  is  greater  than  the  weight  gain  due  to  moisture  uptake  during  storage 
and  handling.  Thus,  for  most  applications  alumina  will  require  drying. 

Because  moisture  contamination  of  impregnant  starting  materials  can  cause 
errors  in  formulation,  a  procedure  is  required  to  determine  the  extent  of  such 
contamination.  Thermogravimetry  (TG)  is  a  rapid  and  convenient  procedure  for 
measuring  the  amount  of  loosely  bound  water  in  the  starting  materials.  In  TG, 
the  temperature  of  the  sample  is  linearly  increased  as  the  weight  loss  of  the 
sample  is  recorded.  In  Fig.  3  an  improperly  stored  5:3:2  starting  material 
was  heated  at  a  rate  of  14°C/min  in  air  flowing  at  700  cm^/min.  The  data  in 
the  figure  show  that  at  temperatures  below  780oC  a  mass  fraction  of  0.046  was 
lost.  This  fraction  is  consistent  with  water  loss  from  the  alumina  starting 
material  discussed  in  this  section.  The  other  breaks  in  the  curve,  corre¬ 
sponding  to  calcium  carbonate  and  barium  carbonate  decomposition,  are  dis¬ 
cussed  in  Section  V.  By  running  each  starting  material  alone,  TG  can  also  be 
used  to  evaluate  the  extent  of  water  contamination  in  Individual  starting 
materials.  Thus,  TG  provides  a  convenient  and  sensitive  way  to  control 
moisture  contamination  of  impregnant  starting  materials. 


Thermogravimetry  of  moisture-contaminated  impregnant  starting 


IV.  MIXING 


We  developed  an  improved  mixing  procedure  that  results  in  complete 
reaction  of  the  starting  materials  to  form  homogeneous  barium  calcium 
aluminate  impregnants.  The  Philips  Emet  mixing  procedure  consists  of  only  two 
steps:  dry  mixing  followed  by  wet  (slurry)  mixing.  Dry  mixing  homogenizes 
and  grinds  the  powder;  wet  mixing  increases  the  contact  between  particles  and 
forms  reactive  hydroxides.  However,  more  extensive  mixing  than  that  specified 
in  the  Philips  procedure  is  required.  The  repeated  use  of  dry  and  wet  mixing 
steps  increases  the  reactivity  of  the  mixture  and  ensures  complete  and  uniform 
reaction  in  subsequent  processing  steps.  In  this  section,  improved  procedures 
are  detailed  and  the  advantage  of  more  extensive  mixing  is  illustrated. 

The  following  improved  mixing  procedure  was  examined.  A  total  of  50  g  of 
starting  material  was  loaded  into  a  000  size  Burundum  ball  mill  jar  containing 
7  to  10  Burundum  cylinders,  13/16  in.  long  x  13/16  in.  in  diameter.  The  dry 
starting  materials  were  milled  for  at  least  24  hr  and  were  occasionally 
scraped  from  the  sides  of  the  jar  with  a  nickel-stainless  steel  spatula. 

Caking  of  the  powder  was  less  severe  if  the  jar  and  the  cylinders  were  dried 
in  an  oven  at  130°C  immediately  before  use. 

The  wet,  or  slurry,  mixing  step  further  homogenized  the  raw  materials. 
After  ball  milling,  the  powder  was  scraped  with  a  nickel-stainless  steel 
spatula  into  a  glass  beaker;  about  30  ml  of  water  was  added  to  form  a  paste 
with  the  consistency  of  heavy  cream.  This  mixture  was  stirred  with  the 
spatula  for  another  5  min;  it  was  then  dried  in  the  beaker  for  I  hr  in  an  air 
oven  at  130°C.  The  dried  slurry  was  ground  in  an  agate  mortar,  and  water  was 
once  again  added  to  produce  a  slurry.  This  wet  mixing  procedure  was  repeated 
up  to  three  times  on  a  sample  before  loading  the  slurry  into  an  alumina  boat 
for  drying  at  130°C  and  calcining. 

An  experiment  was  performed  to  determine  the  effect  of  slurry  mixing  on 
the  composition  of  the  5BaO:3CaO:2Al203  impregnant.  The  raw  materials  were 
ball  milled  and  then  were  manually  slurried  and  dried  at  130°C.  The  slurry 
and  dry  cycle  was  done  up  to  three  times.  After  calcination  at  1350°C  for 


3  hr  the  impregnants  were  dissolved  in  2M  HC1  and  were  analyzed  by  flame 
atomic  absorption/flame  emission  spectroscopy  (AA/FE),  a  technique  that 
measures  the  concentration  of  acid-soluble  ions.  Apparent  discrepancies  in 
the  measured  impregnant  compositions  were  due  to  unreacted,  insoluble  phases, 
such  as  alumina  starting  material  in  the  impregnant. 

The  observed  aluminate  composition  as  a  function  of  the  number  of  slurry 
mixing  steps  is  listed  in  Table  2.  The  AA/FE  results  were  converted  to  mole 
ratios  and  normalized  to  BaO  *  5  to  simplify  the  comparison  to  the  expected 
formulation,  5BaO:3CaO:2Al2C>3.  The  uncertainties  in  the  table  are  standard 
deviations  based  on  the  average  of  three  samples. 

The  calcium  and  aluminum  concentrations  are  consistently  low  in  the 
impregnant  slurried  once.  Furthermore,  aluminum  shows  a  large  variation  in 
the  aluminates  made  from  materials  slurried  once  although  the  results  are 
within  the  expected  formulation.  This  variability  is  due  to  an  unreacted 
aluminum  oxide  phase  in  the  impregnant,  which  was  confirmed  by  ESCA  exami¬ 
nation  of  the  precipitate  remaining  in  the  2M  HC1  solution  as  shown  in 
Fig.  4.  Samples  slurried  three  times  before  calcination  were  very  close  to 
the  expected  composition.  Therefore,  the  slurry  mixing  step  will  increase  the 
reactivity  of  the  calcium  carbonate  and  the  alumina  and  thereby  ensure  that  a 
more  uniform  impregnant  composition  can  be  obtained. 

We  simplified  the  alternate  mixing  procedure  to  reduce  the  handling  of 
the  materials  and  to  improve  homogeneity.  The  procedure  consists  of  dry 
milling  the  powder  for  2  to  24  hr;  adding  the  30  ml  of  water  directly  into  the 
ball  mill  and  wet  milling  for  about  5  min;  drying  the  impregnant  in  the  ball 
mill  jar  at  130°C;  and  repeating  the  dry  and  wet  milling  cycle  up  to  a  total 
of  three  times.  More  uniform  material  results  from  this  procedure  in  the  ball 
mill  jar  with  less  chance  of  contamination  from  handling. 
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Table  2.  Effect  of  Slurry  Formation  on  the  Observed 
Formulation  of  the  ( 5BaO: 3Ca0: 2AI2O3) 
Impregnant 


Observed  Formulation 
(mole  ratios) 

Number  of  Slurry 
and  Dry  Cycles 

BaOa  : 

CaO  : 

Al  2^3 

1 

5  : 

2.85  ±  0.14  : 

-H 

* — 4 

00 

• 

0.29 

3 

5  : 

2.95  ±  0.14  : 

1.94  ± 

0.07 

formalized  to  Ba  *  5. 
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V.  CALCINATION 


During  calcination  in  the  Philips  procedure,  the  raw  materials  are  heated 
to  1350®C.  At  this  temperature,  the  carbonates  decompose  and  react  to  form 
homogeneous  barium  calcium  aluminates.  Homogeneous  impregnants  are  required 
for  reproducible  impregnation  of  porous  dispenser  cathodes.  The  current 
practice  is  to  calcine  the  impregnant  at  1250  to  1350°C  for  a  time  interval 
depending  on  the  temperature  and  batch  size. 

In  this  section,  the  processes  that  occur  due  to  heating  or  calcining  the 
starting  materials  are  investigated.  First,  TG  is  used  to  determine  the 
minimum  temperature  required  to  drive  off  carbon  dioxide  from  the  carbonate 
starting  material  mixture.  Second,  ways  of  handling  the  impregnant  after 
calcination  to  avoid  contamination  by  moisture  are  examined.  Third,  the 
effect  of  calcining  temperature  on  the  homogeneity  of  the  impregnant  is 
investigated. 

Knowledge  of  the  decomposition  temperatures  for  the  barium  carbonate, 
calcium  carbonate,  and  aluminum  oxide  starting  material  mixture  described  in 
Section  III  is  needed  so  that  the  time-temperature  schedule  for  calcination 
can  be  established.  These  decomposition  temperatures  were  determined  by  TG. 

Two  features  appear  in  a  TG  curve  that  can  be  used  to  characterize  the 
calcination:^  (1)  the  temperature  at  a  break  in  the  curve  represents  the 
initialization  temperature  of  a  reaction,  and  (2)  the  slope  of  the  curve 
represents  the  reaction  rate.  The  experimental  conditions,  including  sample 
size,  sample  holder  geometry,  gas  flow  rate  and  composition,  and  thermocouple 
placement  and  calibration,  can  alter  the  details  of  TG  curves.  In  general  the 
cumulative  errors,  particularly  from  rapid  temperature  ramping  rates,  over¬ 
estimate  the  initialization  temperatures.  Thus,  TG  was  used  to  set  upper 
limits  on  temperatures  associated  with  decomposition  reactions.  The  data 
shown  in  Fig.  5  were  obtained  for  a  30  ug  sample  of  5:3:2  mole  ratio  of 
BaCO^  :CaC03  :Al20-3 .  Argon  was  flowed  at  100  car /min  to  remove  the  carbon 
dioxide  product,  and  the  temperature  ramping  rate  was  lO’C/min. 
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Thermogravimetric  analysis  of  barium  calcium  aluminate  starting 
materials. 


Figure  5  evidences  several  breaks  in  the  curve.  Three  important  regions 
of  mass  loss  are: 

1.  Room  temperature  to  785°C,  where  the  mass  fraction  lost  is  0.017  due 
to  the  evolution  of  water  vapor; 

2.  785  to  1000°C,  where  the  mass  fraction  lost  is  about  0.10  due 
primarily  to  Ca<X>2  decomposition;  and 

3.  1000  to  1200°C,  where  the  mass  fraction  lost  is  0.13  due  mainly  to 
BaCO^  decomposition. 

The  mass  fraction  of  the  original  sample  weight  lost  from  785  to  1200°C 
is  about  0.23,  which  is  in  excellent  agreement  with  the  expected  mass  fraction 
of  0.24  for  carbon  dioxide  driven  off  from  a  5:3:2  impregnant.  Furthermore, 
the  temperature  range  observed  in  this  experiment  is  consistent  with  the 
decomposition  temperatures  for  CaCO^  in  interval  2  and  for  BaCO^  in  interval  3 
of  600  to  1050°C  reported  by  Ogden. ^ 

To  model  calcination  more  accurately,  TG  was  used  under  isothermal  con¬ 
ditions.  About  30  mg  of  5:3:2  impregnant  starting  material  was  heated  to 
about  1050°C  and  held  at  that  temperature  with  an  argon  flow  rate  of 
100  cm^/min.  At  this  temperature,  4  hr  was  required  to  completely  calcine  the 
impregnant.  (See  Fig.  6.)  Thus,  as  long  as  the  calcining  temperature  is 
greater  than  the  decomposition  temperature  of  the  carbonates,  calcination  will 
occur,  limited  only  by  the  removal  rate  of  carbon  dioxide  in  a  large  batch  of 
material.  Temperatures  from  1250  to  1350°C  may  be  required  for  calcination 
times  of  hours  to  days. 

Once  the  impregnant  has  been  calcined,  contamination  by  moisture  must 
still  be  avoided.  Exposure  of  the  impregnant  to  humid  air  can  result  in 
the  formation  of  compounds  that  will  affect  the  melting  behavior  of  the 
impregnant.  To  study  these  reactions,  a  calcined  impregnant  was  exposed  to 
1002  relative  humidity  (defined  at  20°C)  as  the  impregnant  was  cooled  from 
1300°C  to  room  temperature.  The  data  in  Fig.  7  show  that  weight  gain  due  to 
the  reaction  of  the  impregnant  with  water  begins  at  about  290°C  and  becomes 
rapid  at  temperatures  lower  than  50°C.  Thus,  the  hot,  calcined  impregnant 
must  be  removed  from  the  furnace  and  be  stored  immediately  in  a  desiccator  to 
avoid  contamination. 
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Isothermal  TG  of  barium  calcium  alumlnate  starting  material 
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Weight  gain  in  a  calcined  impregnant  due  to  moisture  exposure 


The  effect  of  the  variation  in  calcining  temperature  on  the  aluminate- 
forming  reaction  was  investigated.  Three  2-in. -long  alumina  boats  were  filled 
with  raw  material  from  a  single  batch.  They  were  placed  at  different  posi¬ 
tions  in  a  tube  furnace  so  that  the  material  in  each  boat  was  calcined  at  a 
different  temperature.  The  aluminates  were  analyzed  by  flame  atomic 
absorption/flame  emission  spectroscopy  for  barium,  calcium,  and  aluminum  after 
calcination  for  3  hr.  The  results  are  given  in  Table  3.  The  calcium  and 
aluminum  concentrations  are  somewhat  low  in  the  two  low- temperature  samples, 
indicating  the  presence  of  unreacted  AI2O3  and  CaO.  (The  analytical  technique 
is  insensitive  to  these  oxides  because  they  are  only  slightly  soluble  in  the 
2M  HC1  used  to  dissolve  the  aluminates  for  analysis.)  A  few  percent  of  the 
unreacted  material  is  probably  not  significant  during  impregnation  since  it 
should  be  quickly  dissolved  in  the  melted  impregnant  during  impregnation. 
Therefore  calcining  temperatures  within  60°C  of  1300°C  do  not  affect  the 
properties  of  the  impregnant,  and  temperatures  as  low  as  1250°C  are  sufficient 
to  calcine  the  impregnant. 

Specific  recommendations  of  calcination  time  and  temperature  cannot  be 
made  because  furnace  conditions  vary.  However,  some  general  guidelines  have 
been  developed  based  on  the  results  reported  here.  Two  types  of  tests  are 
required  to  develop  a  calcination  schedule  for  a  specific  furnace.  First, 
consistent  with  current  practice,  impregnants  must  be  calcined  until  the 
expected  weight  loss  is  observed.  Second,  the  calcined  impregnant  should  be 
analyzed  to  confirm  that  the  starting  materials  have  been  fully  reacted. 
Because  of  its  lack  of  sensitivity  to  the  small  grain  size  of  the  alumina, 
X-ray  powder  diffraction  is  not  a  reliable  way  to  confirm  the  complete 
reaction  of  the  alumina  starting  material.  Chemical  separation  of  unreacted 
alumina  may  be  required. 
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Table  3.  Effect  of  Temperature  on  Formulation  of 
(5Ba0:3Ca0:2Al?0-5)  Impregnants  Calcined 
for  3  hr 


Observed  Formulation 
(mole  ratios) 


Calcining  Temperature 
(°C) 

BaOa 

:  CaO  : 

A1 2O3 

1216 

5  : 

2.89  : 

1.89 

1293 

5  : 

2.85  : 

1.92 

1343 

5  : 

3.11  : 

2.02 

formalized  to  Ba  -  5 . 
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VI.  SUMMARY  AND  RECOMMENDATIONS 


Conventional  processing  (based  on  the  Philips  Eraet  procedure)  must  be 
improved  so  that  reproducible,  homogeneous  cathode  impregnants  for  space 
dispenser  cathodes  can  be  produced.  Several  recommendations  to  improve 
impregnant  processing  based  on  this  work  are  summarized  here. 

1.  Weighing  deficiencies  of  up  to  bX  can  result  when  wet  alumina  is 
used.  Alumina  must  be  dried  prior  to  weighing. 

2.  Complete  mixing  of  finely  powdered  starting  materials  is  essential 
to  ensure  complete  reaction  during  calcination.  Several  dry  and 
slurry  mixing  steps  are  required  to  achieve  homogeneity. 

3.  The  calcining  conditions  in  a  particular  furnace  must  be  set  by 
testing  for  the  complete  reaction  of  the  materials  in  addition  to 
achieving  the  theoretical  weight  loss. 

4.  Thermogravimetry  can  be  used  to  test  impregnants  and  starting 
materials  for  contamination. 
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LABORATORY  OPERATIONS 


The  Laboratory  Operations  of  The  Aerospace  Corporation  Is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  Bpace  systems.  Versatility 
and  flexibility  have  been  developed  to  a  high  degree  by  the  laboratory  person¬ 
nel  in  dealing  with  the  many  problems  encountered  in  the  nation’s  rapidly 
developing  space  systems.  Expertise  in  the  latest  scientific  developments  is 
vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The  labora¬ 
tories  that  contribute  to  this  research  are: 


Aerophyslcs  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermomechanics,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  excioer  laser  development  including  chemical  kinetics, 
spectroscopy ,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics^  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out-of-field-of-view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  infrared  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  fault-tolerant  computer  systems,  artificial  intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications;  micro¬ 
wave  semiconductor  devices,  microwave/millimeter  wave  measurements,  diagnos¬ 
tics  and  radiometry,  microwave/millimeter  wave  thermonic  devices;  atomic  time 
and  frequency  standards;  antennas,  RF  systems,  electromagnetic  propagation 
phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy-induced 
environments . 

Space  Sciences  Laboratory:  Magnetospheric ,  auroral  and  cosmic  ray 
physics,  wave-particle  Interactions,  magnetospheric  plasma  waves;  atmospheric 
and  ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  Infrared  astronomy. 
Infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systems;  space 
instrumentation. 


